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INTRODUCTION

Nutrition plays an important role in life, especially during energy-demanding periods such as
pregnancy and lactation. Fat is the major energy source with 1 g providing 9 kcal (Lunn et al.
2006). The properties of fatty acids are determined by the length of the carbon chain and the
number of double bonds. Based on this, fatty acids can be classified as saturated fatty acids
(SFAs), without double bonds and unsaturated fatty acids (UFAs) containing double bonds.
UFAs have different properties depending on the position of the first double bond in relation to
the methyl end (Mattos et al. 2000). Polyunsaturated fatty acids (PUFAs), in which the double
bond is located three carbons from the methyl end, are known as omega-3, six carbons from
the methyl end as omega-6 and nine carbons from the methyl end as omega-9 PUFAs (Wathes
et al. 2007). Due to a lack of appropriate desaturase enzymes, the omega-3 a-linolenic acid
(ALA) and omega-6 linoleic acid (LA) have to be ingested by the diet (Yehuda et al. 1999;
Wathes et al. 2007). Correspondingly, these fatty acids are essential for most mammals
(essential fatty acids, EFAs), because they cannot be synthesized de novo (Wathes et al. 2007).
Polyunsaturated fatty acids are an important component of the cell membrane (Klausner et al.
1980) and they are able to influence various functions, such as the cell membrane fluidity
(Stillwell et al. 1993), properties of transporters (Youdim et al. 2000), ion channels,
neurotransmitters (Yehuda et al. 2005), receptor formation and enzyme activity (Yehuda et al.
1997; Yehuda et al. 2005).

PUFAs therefore have been shown to positively affect cognitive functions, stress-related anxiety
(Ferraz et al. 2011) and aggressive behavior (Fedorova & Salem 2006). Learning and memory
can also be improved by these fatty acids, via increased the learning capacity and learning
abilities (Bourre et al. 1989; Yamamoto et al. 1988). In guinea pigs, such effects differed
between the sexes (Nemeth et al. 2015). While females fed with omega-3 and omega-9 fatty
acids showed an improvement in spatial learning abilities, no influence of the diet was found in
males (Nemeth et al. 2015).

Furthermore beneficial effects of PUFAs on several brain-mediated diseases have been
reported, like positive impacts on schizophrenia (Fenton et al. 2000; Du Bois et al. 2005),
hyperactivity (Sinn et al. 2008), mood disorders (Buydens-Branchey et al. 2008), depression
(Colangelo et al. 2009) and Alzheimer disease (Kalmijn 2000; Morris et al. 2003a). Additionally

PUFAs had positive effects on cardiovascular diseases, Type 2 diabetes (Wang et al. 2006;



Nettleton & Katz 2005) and replacement of saturated fatty acids with unsaturated fatty acids
lowered total plasma cholesterol and LDL cholesterol (Abbey et al. 1994).

Regarding stress response, unsaturated fatty acids can affect the hypothalamic—pituitary—
adrenal axis (HPA axis) and reduce cortisol concentrations (Ferraz et al. 2011). The secretion of
glucocorticoids from the adrenal cortex, usually in response to a stressor, is stimulated by
adrenocorticotropin (ACTH) from the anterior pituitary, caused by the release of corticotropin
releasing hormone (CRH) from the hypothalamus (Sapolsky et al. 2000).

In contrast to PUFAs, saturated fatty acids have been reported to be positively correlated with
dementia (Kalmijn et al. 1997), Alzheimer (Morris et al. 2003b) and cardiovascular diseases
(Pietinen et al. 1997).

Considering behavioral aspects, results are contradictory. In mice, the saturated fatty acid
palmitic acid induced anxiety-like behavior (Moon et al. 2014) however, in rats myristic acid
produced anxiolytic effects (Contreras et al. 2014). Nevertheless, feeding guinea pigs with
saturated fatty acids lowered their frequencies of aggressive behavior (Nemeth et al. 2016a).
Fatty acids can be obtained from different sources. Unsaturated fatty acids can be found in
fatty fish, cod liver, fish oil, soya bean oil, rape seed oil or linseed oils, whereas saturated fatty
acids are contained in milk and meat products or coconut fat (Rustan & Drevon 2005).

During the energy demanding gestation period appropriate nutrition is highly relevant for the
development of the fetus, particularly efficiently energy delivering fatty acids. N-3
polyunsaturated fatty acids during gestation and lactation can improve growth, cognitive
functions, visual acuity and neurological development of the offspring (Lunn & Theobald 2006;
Campoy et al. 2012). In women, 300 mg/d of the omega-3 DHA (Docosahexaenoic acid) during
pregnancy and lactation is generally recommended (Simpoulos et al. 1999). Nemeth and
colleagues (2017), showed that a diet high in polyunsaturated fatty acids during pregnancy
resulted in improved gestational effort, determined by a higher body mass gain during
pregnancy. In contrast, a diet high in saturated fatty acids led to lower body mass gain and
smaller litter sizes (Nemeth et al. 2017).

The domestic guinea pig (Cavia aperea f. porcellus) is an ideal model species to study the
effects of dietary fatty acids during gestation and lactation, because of its relatively long
gestation phase (68 days, Rowlands 1949). The offspring is extremely precocial after birth,
highly developed, independent and mobile (Kiinkele & Trillmich 1997). This results in high

metabolic maintenance costs for the pups in the first days of their lives, in contrast to the lower



and slowly increasing costs for more dependent and inactive altricial newborns (Kiinkele &
Trillmich 1997). Furthermore, this species is well studied with regard to their physiological and
behavioral response in different situations, like social behavior during group-housing, stress
response and juvenile development (Rood 1972; Kiinzl & Sachser 1999; Machatschke et al.
2004; Nemeth et al. 2016b; Bauer et al. 2008;).

In this study pregnant domestic guinea pigs were supplemented with either walnut oil (high in
unsaturated fatty acids) or coconut fat (high in saturated fatty acids) to determine potential
effects of both fatty acid types. Based on the importance of energy intake during gestation and
lactation and the reported opposite effects of saturated and unsaturated fatty acids, we
focused on the following aspects: reproductive success, reproductive phases, behavior and

juvenile development.



MATERIAL & METHODS

Ethical statement

All husbandry and experimental procedures were performed in line with EU Directive
2010/63/EU and the Austrian laws for animal experiments and animal keeping. The study was
approved by the internal board on animal ethics and experimentation of the Faculty of Life
Science of the University of Vienna (# 2014-005) and the Austrian Federal Ministry of Science
and Research (BMWF-66.006/0024-11/3b/2013).

Animals

Sixteen pregnant domestic guinea pigs (Cavia aperea f. porcellus) were used for this study
(control group: 7 females, SFA group: 7 females, UFA group: 2 females). Despite several mating
attempts in each group, only two UFA females got pregnant and thus had to be excluded from
further comparisons between the groups due to the low sample size. Individual age did not
differ between the three groups (mean age 603.69 + 42.6 days; x? = 1.934, p = 0.38). All animals
were bred at the Department of Behavioral Biology, University of Vienna and were accustomed
to the daily contact with humans. Furthermore, the guinea pigs, which participated in this
study, originated from the FO generation of a long-term study on effects of dietary fatty acids.
Both parents were fed with either SFA or UFA — enriched diets respectively or were in the
control group. Thus the F1 generation was already confronted with the respective diet
prenatally.

Due to natural fur markings, individuals could be easily identified. None of the animals had
been pregnant before this study. Guinea pigs are pregnant for about 68 days (Rowlands 1949)
and have an estrous cycle of around 16 days (Selle 1922; Joshi et al. 1973). The estrus correlates
well with the opening of the vaginal membrane (Young 1937), which was inspected visually
daily during mating. Therefore, the day of conception and gestation duration could be easily

determined.

Housing Conditions

Animal enclosures (3.2 m? for each group) were environmentally enriched with shelters and
platforms and the floor was covered with standard woodchip bedding material, which was
renewed at least once a week. Animals were housed on a light-dark cycle 12/12 h (lights on at

7:00 a. m.), at 20 + 2°C and a humidity of 50 + 5 %.



Animals were assigned to three feeding groups (based on the diet of their parents): control
group received a standard diet for guinea pigs (ssniff V2233, ssniff Spezialdiaten GmbH, Soest,
Germany), UFA group received ssniff pellets supplemented with 10% walnut oil (high in PUFAs)
and SFA group received ssniff pellets supplemented with 10 % coconut fat (high in SFAs). For a
detailed composition, see Table 1. Each group was provided with 50 g hay and water ad libitum

in several drinking bottles.

Table 1. Fatty acid composition of walnut oil and coconut fat.

Values in g/100g, based on US Department of Agriculture and National Nutritient Database.

Fatty acid walnut oil coconut fat
C4:.0 / 0.06
C6:0 / 0.75
Cc8:0 / 7.89
C10:0 / 5.60
C12:.0 / 44.48
C14:.0 / 16.66
C16:0 4.40 8.18
C18:.0 1.67 2.84
C20:.0 0.06 0.04
Total SFAs 6.13 86.50
C18:.01 8.80 5.68
C20:01 0.13 /
Total MUFAs 8.93 5.68
C 18:02 38.09 1.45
C18:03 9.08 /
Total PUFAs 47.17 1.45

Experimental design & sample collection

Animals were weighed 2-3 times a week on a standard kitchen balance (accuracy + 1 g) at 9:30
a.m. Group-housing videos were done in 3-week intervals at 9:00 a.m. for 30 minutes. During
these 30 minutes, all shelters were removed and the groups were video recorded with cameras
fixed on the ceiling and located above the enclosures.

Openfield videos and saliva/feces sampling were also done every 3 weeks at 10:00 a.m. Each
individual was separated from the group, followed by inserting a standard cotton bud into
animal’s cheek pouch for about 30 seconds to collect saliva samples and to determine the

standard cortisol values. Afterwards they were put into the openfield area and video recorded



with a camera fixed on the ceiling. After 10 minutes, saliva was collected again and the animal
was relocated in its group enclosure. Feces from the openfield area were collected to analyze
progesterone/estradiol concentrations. Urine contaminated feces were excluded and the soiled
bedding material renewed. Saliva samples were centrifuged (10000 rpm, 5 minutes) and the
brackets and the dry cotton buds were removed. Afterwards saliva and fecal samples were
stored at -20 °C until analysis. To avoid diurnal fluctuations of the hormone levels, sampling was

carried out at the same time of day (Sachser 1994).

Hormone analysis

Cortisol, progesterone and estradiol concentrations were analyzed via biotin-streptavidin
enzyme-linked immunoassay (Palme & Mostl 1993; Palme & Mostl 1997). Enzymes and
antibodies were purchased from the University of Veterinary Medicine in Vienna, Austria.

The saliva samples they were diluted 1:50 after defrosting.

Fecal samples were dehumidified at 60 °C, homogenized and diluted with 80 % methanol. After
centrifugation (3000 rpm, 15 minutes) fecal samples for progesterone analyses were diluted
1:50 and fecal samples for estradiol analyses were diluted 1:30. All hormones were analyzed
with specific antibodies and run in duplicates.

Intraassay and interassay coefficients were as follows: cortisol 11.61 % (intra) and
0.37 % (inter), progesterone 12.44 % (intra) and 9.59 % (inter), estradiol 7.84 % (intra) and
7.66 % (inter).

Behavioral analysis

Videos were filmed with GoPro Hero 3 (resolution: 5 MP, field of view: 170 °) and analyzed with
Solomon Coder Version 16.06.26.

For each individual, behavior and lactation performance was measured via continuous/all
occurrence sampling method (Altman 1974). Social behavior and grooming was measured in
frequencies, whereas movement, “side by side”, time spent in the center of the openfield area
and lactation (time females spent lactating) was measured in durations.

For group-housing during gestation and lactation behavioral categories and definitions followed
by Rood 1972: 1) movement 2) “side by side” 3) sociopositive behavior: social grooming, nose-
nose, naso-anal, lactation (own/other infants) 4) agonistic behavior: displacement, bite, head-

thrust, stand-threat, chase, fight, harassment, kick-back, rumba-rumble, mounting.



During gestation, behavior in the openfield area was defined as followed: 1) movement 2) time
spent in the center of the openfield area.

During lactation openfield categories were the same as during gestation, but the categories
3) “side by side” and 4) lactation duration, were added.

Gestation duration was defined as the day of parturition minus the day of conception (first day
of the opening of the vaginal membrane during mating).

The gestational effort of the females was calculated as follows: total litter weight (g)/maternal

body weight at conception (g) x 100, (Laurien-Kehnen & Trillmich 2004).

Statistical analysis

Before analysis, data was tested for normal distribution via Shapiro-Wilk test and equally
variances were examined with the Levene’s test for homogeneity. If normal distribution was
not given, nonparametric tests were used.

Statistical calculations were done with SPSS statistics for Windows (IBM Corp., 2011, Version
20.0. Armonk, NY). Due to the small amount of pregnant UFA females, they were excluded from
statistical analysis.

Control and SFA group were compared with Students t-test (normal distributed) or the non-
parametric Mann-Whitney U test. Comparisons within a group between the different stages
(gestation and lactation) were done using either t-tests or non-parametric Wilcoxon tests.

Significance level was set at p < 0.05.



RESULTS

Reproductive output

Mean litter size of alive and dead born offspring was 3.0 (+ 1.41) in control and 3.29 (+ 0.75) in
SFA females. The UFA females had only two litters, one with three pups, one with five pups.
Due to the small sample size the UFA group could not be included in statistical analyses.

Neither the number of alive born pups, nor of dead born ones differed significantly between
the control and SFA group (born alive: Fo324 = 0.58, p = 0.4; born dead: F1507 = 0.243, p = 0.825)
(Fig. 1). In both groups the proportion of dead born pups ranged between 30.4 % and 38.1 %

(Fig. 1). In the UFA group, however, all pups were born alive.
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Fig. 1. Offspring number (born dead/alive) of control and SFA females (means * SE).

The offspring sex ratio did not differ between the groups (Fo.007 = 0.937, p = 0.432). Thus, the

control and SFA group had similar litter sizes, sex ratio, and an equal ratio of alive/dead born

pups (Table 2).



Table 2. Newborn female, male and total pups (total/alive/dead) in the three diet groups.

Control (7) SFA (7) UFA (2)
total female 9 (42.86 %) 14 (60.87 %) 4 (50 %)
male 12 (57.14 %) 9(39.13 %) 4 (50%)

total 21 23 8
alive female 6 (46.15 %) 10 (62.50 %) 4 (50 %)
male 7 (53.85 %) 6 (37.50 %) 4 (50 %)

total 13 16 8
dead female 3 (37.50 %) 4 (75 %) 0 (0 %)
male 5(62.50 %) 3 (25 %) 0 (0 %)

total 8 7 0

Body mass at birth of offspring born alive did not differ between the sexes and was similar in

both groups (between groups & both sexes: Foas0 = 0.499, p = 0.305 (Fig.2); between groups &

males: F13=0.207, p = 0.526; between groups & females: Fos12=0.486, p = 0.57).
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Fig. 2. Body mass at birth (g) in control (n = 13) and SFA (n = 16) offspring (sexes pooled, averaged per

litter, means * SE).



Reproductive phases

Gestation duration and gestational effort did not differ between the control and SFA group

(Table 3).

Table 3. Gestation duration (days) and gestational effort (%) in control and SFA females (means * SE).

Reproductive parameter p

mean (* SD)

Gestation duration

F2120=0.171; p = 0.65

Control: 68.57 d £ 2.10
SFA: 69.00d +£1.29

Gestational effort

F3386=0.091, p = 0.986

Control: 32.18 % +5.24
SFA:32.08 % +1.70

Body mass both during gestation and lactation was significantly higher in SFA females than in

controls (Fig. 3). Furthermore, both groups had lower mass during lactation than during

gestation (control: Z =-5.081, p < 0.001; SFA: Z=-5.177, p < 0.001) (Fig. 3).
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Fig. 3. Body mass (g) during gestation and lactation of control (n = 7) and SFA (n = 7) females (gestation: Z =

-5.146, p < 0.001; lactation: Z = -3.373, p = 0.001) (means * SE). * p<0.05, ** p < 0.01, *** p <0.001

-10 -



No significant differences in relative body mass changes between control and SFA females
during gestation or lactation were detected (gestation: Fi70 = 0.214, p = 0.61;

lactation: F2354=0.151, p = 0.729) (Table 4).

Table 4. Body mass changes(%) during gestation and lactation in control and SFA females (means * SE).

Stage Group Mean (£ SD)

Gestation Control 34.7 (£ 17.30)
SFA 38.4 (£ 6.71)

Lactation Control -2.4 (£ 8.90)
SFA -3.7 (¢ 4.14)

Both groups significantly lost mass after parturition (control: -315.1 g (+ 131.4), T = 5.6,
p =0.001; SFA: -370.4 g (+ 61.4), T = 15.172, p > 0.001), and mass loss was similar in SFA and

control females (Fs.s07=0.13, p =0.9).

During gestation SFA females had higher fecal estradiol metabolite (FEM) concentrations than
control females (F1.7a6 = 0.196, p = 0.028) (Fig. 4). Due to the low sample size, comparisons

between the control and SFA group during lactation could not be performed.

100,00 Clcontral
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Fig. 4. Estradiol metabolites during gestation in the control (n = 5) and SFA (n = 7) group (means t SE).

* p £0.05, ** p < 0.01, *** p < 0.001
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SFA females had lower levels of fecal progesterone metabolite (FPM) concentrations during
gestation than control females (Z = -2.775, p = 0.006) (Fig. 5). FPM concentrations during
lactation could not be compared due to low sample sizes.

Accordingly, SFA females also had a lower progesterone/estradiol ratio during gestation than

controls (Z =-3.226, p =0.001).
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Fig. 5. Progesterone metabolites during gestation in the control (n = 5) and SFA (n = 7) group (means * SE).

* p<0.05, ** p <0.01, *** p <0.001

Regarding basal saliva cortisol concentrations, no differences between control and SFA group
during both reproductive stages were found (gestation: Fi1e97 = 0.201, p = 0.81; lactation:
Fo.022=0.886, p = 0.217). Furthermore, basal cortisol values did not differ between gestation
and lactation in both groups (control: gestation: 16.02 + 1.96, lactation: 21.68 + 4.22,Z = -1.604,
p = 0.109; SFA: gestation: 13.35 + 1.86, lactation: 14.15 + 2.99, T = 0.089, p = 0.932,).

-12 -



Behavior

During pregnancy, SFA females showed “side by side” with other females in the group-housing
situation more often than the control group (Table 5). Movement duration as well as the
frequencies of agonistic and sociopositive behavior did not differ significantly between the diet

groups (Table 5).

Table 5. Comparisons of movement, “side by side”, agonistic and sociopositive and behavior during group-

housing in the course of gestation and lactation between control and SFA females (means + SE).

Behavior Stage p Mean (+ SD)

Movement duration  Gestation F2.208=0.145,p=0.799 Control: 67.05 (£ 31.57)
SFA: 70.19 (+ 46.33)

Lactation Fo.001=0.976, p=0.257 Control: 90.00 (£ 54.2)
SFA: 121.29 (+ 40.17)

“Side by side” Gestation Z=-2.579,p=0.01 Control: 149.00 (+ 164.24)
(with other females) SFA: 304.67 (£ 221.17)

Lactation Fo.418=0.531, p=0.753 Control: 178.17 (+ 138.01)
SFA: 206.43 (+ 172.15)

Agonistic Gestation Z=-0.348,p=0.727 Control: 2.19 (+ 2.75)
(with other females) SFA: 1.57 (+1.29)

Lactation F12.202=0.005, p =0.169 Control: 3.83 (+ 4.26)
SFA: 1.00 (% 1.15)

Sociopositive Gestation Z=-1.432,p=0.152 Control: 2.95 (+ 2.54)
(with other females) SFA:1.90 (+ 2.81)

Lactation Z=-1.455, p=0.146 Control: 4.50 (+ 1.62)
SFA: 2.43 (% 1.62)

In the group-housing situation, differences between the reproductive stages were found in the
SFA group, in that the females moved more during lactation than during gestation (control:
T=-1.576, p = 0.176; SFA: T = -3.958, p = 0.007). Neither in the control, nor in the SFA group
differences between the stages could be detected in: “side by side” (control: Z = -0.105,
p = 0.917; SFA: T = 1.561, p = 0.169), agonistic behavior (control: T = -1.146, p = 0.304; SFA:

Z = -1.577, p = 0.115) and sociopositive behavior with other females (control: T = -1.049,

p = 0.342; SFA: Z = -0.677, p = 0.498). Concerning interactions of females with their infants

-13-



during group-housing, no differences between the groups could be found in any of the

behavioral parameters (p > 0.05).

The time females spent lactating the offspring (lactation duration) did not differ between the
control and SFA group during group-housing (Z = -1.077, p = 0.282). However, control females
lactated their own infants significantly longer than other pups, whereas in SFA females no
difference in the duration of lactating own and other juveniles was found (control: Z = -2.159,

p = 0.031; SFA: Z = -0.065, p = 0.948) (Fig. 6).

Infant

4007 Clawn infant
Wl other infant
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lactation duration (sec)
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Contral SFA
Fig. 6. Lactation duration of own and other infants in the control and SFA group during group-housing

(means = SE). * p £0.05, ** p <0.01, *** p <0.001

No significant differences were detected regarding the rejection of suckling attempts between
the groups or within a group between own and other infants (between control and
SFA: Z = -0.262, p = 0.794; within control group: Z = -1.878, p = 0.06; within SFA group:
Z=-0.784, p =0.433).

-14 -



Openfield test

In the openfield test SFA females moved less than the control group during gestation, while no

other differences between the groups were found (Table 6).

Table 6. Comparisons between control and SFA mothers in movement during the openfield task and the
time spent in the center of the openfield area (time in center) in the course of gestation and lactation (only

mothers tested) (means + SE).

Behavior Stage p Mean (£ SD)
Movement Gestation Z=-2.018, p=0.044 Control: 36.62 (+ 60.64)
SFA: 8.71 (+ 11.76)
Lactation Z=-0.897,p=0.37 Control: 20.86 (+ 44.21)
SFA: 13.14 (+ 11.94)
Time in center Gestation Z=-0.239,p=0.81 Control: 147.48 (+ 216.70)
SFA: 142.05 (+ 204.74)
Lactation Z=-0.832, p =0.405 Control: 54.86 (+ 53.77)

SFA: 77.29 (+ 168.37)

Regarding differences between the reproductive stages, control mothers moved more during
gestation than during lactation, whereas in the SFA group no difference between the stages
was found (control: Z = -2.197, p = 0.028; SFA: Z = -0.845, p = 0.398). The time spent in the
center of the openfield area was similar during the reproductive stages in both groups
(control: Z=-0.676, p = 0.499; SFA: Z =-0.676, p = 0.499).

When mothers were tested with their offspring in the openfield, no differences in movement,
time spent in the center, lactation duration or “side by side” could be detected between the

groups (p > 0.05).

Cortisol concentrations, both basal and after the openfield test did not differ between the
groups (basal: Z =-0.957, p = 0.339; openfield: Z=-1.35, p = 0.177) (Fig. 7). During the openfield
test no significant increase in cortisol levels was detected in any of the groups

(control: T =-1.980, p = 0.09; SFA: Z = -0.676, p = 0.499) (Fig. 7).

-15-
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Fig. 7. Cortisol (ng/ml saliva) before and after the openfield task in control (n = 14) and SFA (n = 14) females
(phases pooled, means t SE). * p < 0.05, ** p <0.01, *** p < 0.001

Pooled cortisol concentrations (basal and openfield), however, were lower in the SFA group
than in controls during lactation (gestation: Z = -0.534, p = 0.593; lactation: Z =-2.12, p = 0.027)
(Fig. 8).

Control group showed a significant increase of pooled cortisol values from gestation to
lactation, while in SFA females no difference between the stages was found (control: Z = -2.201,

p = 0.028; SFA: Z =-.0178, p = 0.859) (Fig. 8).

*
. ,
30,007 — [Ocontral
WsFa
©
=
©
© 20,007
E
f=1]
=
S
o
=
S 10,00
[&
0,00

Gestation Lactation

Fig. 8. Pooled saliva cortisol concentrations (basal + openfield) during gestation and lactation in control

(n = 10) and SFA (n = 13) females (means * SE). * p <0.05, ** p <0.01, *** p < 0.001



Juvenile development

Until weaning (first 20 days) SFA offspring gained significantly more body mass (%) than
juveniles of the control group (control 11.9 g + 1.7; SFA 13.2 g + 2.1; Z = -1.930, p = 0.05).
Female offspring in the SFA group gained more mass than female pups of the control group,
while no such differences were found for male juveniles (females: Z = -1.952, p = 0.051; males:
Fos7s = 0.429, p = 0.688) (Fig. 9). Within the groups, however, no sex differences were detected
(control: F1248=0.288, p = 0.575; SFA: Z = -0.651, p = 0.515) (Fig 9).
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Fig. 9. Body mass gain (%) in juvenile females and males of both groups until weaning: control (n = 13), SFA

(n = 16) (means £ SE). * p<0.05, ** p <0.01, *** p < 0.001

In the first 20 days postweaning the relative body mass gain did not differ between control and
SFA offspring (Z = -1.666, p = 0.096). Neither female nor male SFA offspring, gained more mass
than control females or males (females: F2637 = 0.123, p = 0.098; males: Z = -0.143, p = 0.886).
SFA male offspring, however, gained more body mass than females, while no sex differences
could be detected in the control group (control females: 34.3 g + 1.0, control males: 35.0 g

+1.7,7Z=-0.429, p = 0.668; SFA females:31.8 g + 3.3, SFA: males 34.9 g + 1.9, Fo.ss9 = 0.370,
p = 0.05).

When juveniles were tested without their mothers in the openfield, SFA juveniles moved less

than controls (Fo.771 = 0.388, p = 0.027) (Fig. 10).
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Fig. 10. Movement duration (sec) of the control and SFA offspring in the openfield area (means + SE).

*p<0.05, ** p<0.01, *** p <0.001
Furthermore, SFA female offspring moved less than the control female offspring (Table 7).

Table 7. Comparisons of movement in male and female control and SFA juveniles during the openfield task

(only juveniles tested) (means + SE).

Behavior Group/Sex p Mean (+ SD)

Movement Control F1s.676 = 0.002, p = 0.279 Females: 101.0 (+ 23.75)
Males: 74.43 (+ 55.14)

SFA F2112=0.168, p = 0.243 Females: 60.1 (+ 39.03)
Males: 37.0 (+ 32.14)

Females Fe.081=0.027, p =0.021 Control: 101.0 (+ 23.75)
SFA: 60.1 (+ 39.03)

Males F7.127=0.022,p=0.16 Control: 74.43 (+ 55.14)
SFA: 37.0 (+ 32.14)

In the openfield test with their mothers, SFA juveniles moved significantly less than the
offspring of the control group (Table 8). Other differences between the groups could not be

detected in any of the observed behaviors (Table 8).
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Table 8. Comparisons of movement, time spent in the center of the openfield area (time in center),

suckling and “side by side” in control and SFA juveniles during the openfield task (offspring with mothers

tested) (means * SE).

Behavior p

Mean (£ SD)

Movement Z=-2.259,p=0.024

Control: 67.46 (+ 57.64)
SFA: 27.73 (+ 19.04)

Time in center Z=-0.624, p=0.532

Control: 32.54 (+ 48.31)
SFA: 17.87 (+ 18.22)

Suckling Z=-1.267, p =0.205

Control: 180.77 (+ 155.72)
SFA: 281.67 (+ 212.33)

“Side by side” Z=-0.599, p =0.549

Control: 302.31 (+ 115.91)
SFA: 272.87 (£ 224.24)

Additionally, SFA males suckled more and showed less “side by side” with their mothers than

control males (Table 9).

Table 9. Comparisons of suckling and “side by side” in male and female control and SFA juveniles during

the openfield task (offspring with mothers tested) (means + SE).

Behavior Group/Sex p Mean (£ SD)
Suckling Females Z=-0.354,p=0.724 Control: 179.83 (+ 194.81)
SFA: 209.56 (+ 201.18)
Males Z=-2.00,p=0.046 Control: 181.57 (+ 129.89)
SFA: 389.83 (+ 195.12)
“Side by side”  Females Z=-0.707,p=0.48 Control: 287.17 (+ 142.75)
SFA: 337.44 (£ 223.40)
Males Z=-2.00,p=0.046 Control: 315.29 (+ 97.30)

SFA: 176.0 (+ 205.36)

Within group comparisons revealed no differences between male and female pups in suckling
(control: Foa73 = 0.506, p = 0.985; SFA: Z = -1.650, p = 0.099) and “side by side” (control:
Fos7s=0.428, p = 0.682; SFA: Z =-1.296, p = 0.195).
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DISCUSSION

The aim of this study was to determine the effects of saturated and unsaturated fatty acids on
the course of gestation and lactation in domestic guinea pigs (Cavia f. porcellus). Saturated fatty
acids did not affect litter size, offspring sex ratio or the number of alive/dead born pups. In
contrast to these results, other studies revealed that saturated fatty acids affected reproductive
success, like increased body mass at birth, shifting the sex ratio towards either males (with ad
libitium high saturated fat diet) or females (with restricted high saturated fat diet) or lowering
the litter size (Alexenko et al. 2007; Bilbo & Tsang 2010; Nemeth et al. 2017). Interestingly, all
pups in the UFA group were born alive and litter sizes were highest. These findings concur with
previous studies, claiming that diets high in polyunsaturated fatty acids can improve
reproductive success and diminish pregnancy loss (Ambrose et al. 2006; Wathes et al. 2007).
However, as only two females in the UFA group became pregnant, effects of fatty acids on
gestation and lactation could not be tested in this study.

Regarding body mass during the reproductive phases, SFA females were heavier during
gestation than during lactation and also had a higher body mass than the control group in both
stages. Although both groups had unlimited access to food during pregnancy and lactation, the
diet high in saturated fatty acids significantly affected body mass in the SFA group. Since
saturated fatty acids are accumulated as body fat with a low rate of B-oxidation and are less
preferentially mobilized, the additional fatty acids in the SFA group enabled them to
accumulate more fat reserves (Shimomura et al. 1990; Sanz et al. 2000; Raclot &
Groscolas 1995).

Adipose tissues are an important source for estrogen production (Nelson & Bulun 2001). During
pregnancy, the SFA group differed significantly from the control group in higher estradiol and
lower progesterone concentrations. While estrogens plays an important role in the female
reproductive cycle, the maintenance of pregnancy and the development of the embryo,
progesterone stimulates and maintains indirectly implantation, placentation, placental and
fetal development (Lubahn et al. 1993; Bondesson et al. 2015, Bazer et al. 1994). In line with
this reverse hormone concentrations, the SFA group had a lower progesterone/estradiol ratio
during pregnancy. Progesterone can work as antagonist to estrogens in many reproductive
functions by decreasing the quantity of estrogen receptors, hence, higher estradiol

concentrations can result in lower progesterone levels (Hsueh et al. 1975). Due to the
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accumulation of body fat via saturated fatty acids and the production of estrogens in adipose
tissues, higher estradiol concentrations in SFA females could be expected.

Regarding the behavioral aspects, only a few differences could be determined in this study.
Whereas sociopositive and agonistic behavior did not differ between the groups, SFA females
showed the longest durations of spatial cohesion (“side by side”) during gestation, indicating
intact social relationships. Moreover, low frequencies of aggressive behavior during group-
housing in male and female guinea pigs fed with saturated fatty acids was demonstrated in
previous studies (Nemeth et al. 2016a). The SFA group also moved more during lactation than
during gestation in the group-housing situation, perhaps because more juveniles wanted to be
nursed. One reason for this could be that SFA females lactated not only their own, but also the
offspring from other mothers. On the contrary, no difference in movement duration between
the stages was found in the control group.

In the openfield test, the SFA group moved less during pregnancy than the control group. In this
task, guinea pigs were separated from their social group, to test locomotor activity and
explorative behavior. Isolating guinea pigs can be a strong stressor, affecting the HPA-axis and
causing temporary immobility (“freezing”, Hennessy & Ritchey 1987; Bayard 1957; Miller &
Murray 1966). Since cortisol levels did not rise after the openfield test, it can be assumed that
the lower activity reflected in movement duration was not related to freezing behavior in
response to a stressor but was caused by resting. Additionally, no difference between the
groups in the time spent in the center of the openfield area was detected. This would support
the idea that the SFA mothers were relaxed, because anxious/stressed guinea pigs would have
shown less explorative behavior and would have spent less time in the center of the openfield
compared to the control group.

SFA pups moved less in the openfield test than control ones. As we did not take saliva samples
from juveniles, cortisol comparisons between the juvenile groups were not possible. However,
as it seemed like the SFA mothers showed more resting behavior during the openfield task and
had constant cortisol levels, it is very likely that this was reflected in the offspring.

Cortisol concentrations of the females did not increase the openfield task in both groups, which
could be explained by the ability of pregnant and lactating mothers to buffer glucocorticoid
levels (Reeder & Kramer 2005). In laboratory rats and other mammals, stress-induced cortisol
levels are decreased during gestation and lactation, because of increased corticosteroid-binding

capacity (Reeder & Kramer 2005). High levels of glucocorticoids in pregnant and lactating
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mothers can affect developmental processes in the fetus or in the neonate by entering via the
placenta or maternal milk (Welberg & Seckl 2001; Reeder & Kramer 2005). Hence, mothers
need to minimize large fluctuations of glucocorticoids. This leads to the assumption that either
the mothers were able to buffer the stress of being isolated, or isolation simply did not cause
stress for the animals. Nevertheless, former studies in our department with the guinea pigs
showed that a temporary isolation did not cause stress, therefore, we assume that the equal
cortisol concentrations before and after the openfield test occurred because they were able to
relax and avoid social confrontations (Machatschke et al. 2011; Nemeth et al. 2015).

Due to the fact that cortisol levels in the openfield test did not differ from basal levels, group-
housing cortisol concentrations and openfield cortisol concentrations were pooled for further
comparisons. While suckling increases ACTH and corticosterone release, and glucocorticoids are
important for the maintenance of lactation, SFA females did not show any increase of pooled
cortisol during lactation, in contrast to the control females (Voogt et al. 1969; Cowie & Tindal
1971). Thus, nursing did not lead to elevated cortisol levels in the SFA group, whereas the
control group had significantly higher pooled cortisol values. Regarding effects of saturated
fatty acids on cortisol values, only little research has been done yet. Nemeth and colleagues
showed that saturated fatty acids elevated saliva cortisol concentrations in male and female
guinea pigs during group-housing, however, in females at conception no effects of the diet on
glucocorticoids were found (Nemeth et al. 2016a; Nemeth et al. 2017).

The lower pooled cortisol concentrations during lactation in the SFA females indicate lower
stress levels, which is interesting because in contrast to the control group, the SFA group
behaved more tolerant towards the offspring of other females in their group and lactated
them. Allolactation, the nursing of offspring which is not their own, is a phenomenon known in
several mammalian species (MacLeod & Clutton-Brock 2015; Packer et al. 1992; Roulin 2002).
Gaining mutual benefits, like increasing the indirect fitness of the helpers, reciprocity,
improving their maternal skills, reducing the chance to be ejected from the group or mistaken
parental care, are the most discussed explanations for allonursing in cooperative breeding
vertebrates (Packer et al. 1992; Pusey & Packer 1994; Creel et al. 1991; Wilkinson & Baker
1988; Konig 1997; Clutton-Brock 2002).

In the SFA group, mothers lactated their own and other offspring equally long. Moreover, the
rejection rates of the mothers did not differ between their own and other infants and the

suckling attempts were initiated by the offspring. Therefore, it is most likely that allolactation
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occurred because the SFA pups tried to get milk from their own, as well as from other mothers.
Besides this, SFA mothers could be more tolerant towards the pups because they were able to
afford lactating several pups energetically more easily, due to the supplementation with
saturated fatty acids. The control females lactated non-offspring only for a few seconds and it
seemed that the mothers did not immediately notice that pups of other females had
approached.

Milk contains proteins, fats, lactose, minerals and vitamins to ensure the development of the
neonate (Jensen 1995). In cows, saturated fatty acids maintained or increased the fat content
of the milk, whereas unsaturated fatty acids reduced it (MacLeod & Wood 1972; Dhiman et al.
1995). This would support the assumption that the milk of the SFA mothers was more
nutritious and enabled them to lactate not only their own but also other pups. It should
however be kept in mind that guinea pigs are highly precocial, have a short lactation period and
are able to consume solid food in the first days of their life (Kinkele & Trillmich 1997).
Therefore, they are quite independent from their mothers and would be able to survive
without lactation. As a consequence, mothers from precocial offspring may not be selective in
nursing as females raising altricial offspring. The diet of the SFA mothers might have enabled
them to act energetically more generously towards all pups in the group.

The fact that SFA offspring, especially females, gained significantly more body mass than the
control pups until weaning, also indicated that the SFA young were lactated more often and/or
that the higher fat content in the milk of the SFA mothers delivered more energy to the pups.
After weaning, when the offspring had no longer access to mother’s milk, no difference in the
relative body mass gain could be detected between the groups. Precocial newborns have high
maintenance costs after birth, because they are active, large, endothermic and highly mobile,
resulting in a negative energy balance and a weight loss of about 5 % in the first days after birth
(Kiinkele & Trillmich 1997; Raffel et al. 1996). This mass loss is mainly due to fat reduction, thus
additional fatty acids in the mother’s milk could counteract the negative energy balance (Raffel
et al. 1996; Widdowson 1950). Moreover, newborn guinea pigs have about 10 % body fat,
which is also required for thermoregulation in highly developed, precocial mammals
(Widdowson 1950; Briick 1967). In contrast, altricial mammals like rats or mice are born with
1-2 % body fat (Widdowson 1950). Therefore, it is likely that SFA pups had a higher body fat
content at birth than the control group, and were able to use this additional energy for growth

besides thermoregulation and muscle activity.
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During lactation, SFA mothers had a higher body mass than the control mothers, indicating that
potential costs of allolactation could be compensated by the diet. In general, the efficiency of
energy transformation from the mothers to the offspring in guinea pigs during gestation is
twice as high compared to lactation (Kiinkele 2000). Kiinkele also showed that energy costs
during pregnancy are lower than during lactation in guinea pigs, and that the average daily
energy intake during lactation is much higher than during gestation (Kiinkele 2000).
Furthermore, energy acquisition and expenditure peaks during early lactation, indicating that
lactation is more costly than gestation, even for precocial animals (Kiinkele & Trillmich 1997).
Maternal energy expenditure can be measured via either food intake or mass loss of the
mothers (Gordon 1996). In our study, mass loss did not differ between the control and SFA
group, while food intake could not be measured. During lactation, the precocial European hares
(Lepus europaeus) assimilated high amounts of energy with low amounts of high-fat food
(Hacklander et al. 2002). This massive energy yield from high-fat food cannot be reached with
low quality food, even with increased food intake (Hacklander 2002). Additionally, high-fat diets
can improve milk production and quality (Hacklander et al. 2002). Therefore, feeding additional
fatty acids could supply the guinea pigs with extra energy to produce more milk, improve the
quality of the milk and lower the costs for the mothers during lactation. This enabled females to
lactate offspring from other mothers, while benefits for the pups were obvious in increased
body mass gain until weaning.

To summarize the results, saturated fatty acids appeared to have positive effects on female
guinea pigs as reflected in higher body mass, more cuddling behavior with their conspecifics,
allolactation and lower cortisol values during lactation. As a consequence, we assume that the
effects of saturated fatty acids are due to a higher body fat deposition, resulting in a better milk
quality, allolactation and favoring the growth of the offspring. Our study revealed that
saturated fatty acids can have positive impacts on energy balance, physiology and behavior in
pregnant and lactating females, however, further investigations are needed to determine the

underlying mechanisms.
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APPENDIX

Abstract

Pregnancy and lactation are highly energy-demanding periods in the life of mammals.
Therefore, sufficient nutrition is required to guarantee the offsprings’ pre- and postnatal
survival and appropriate development. Fat provides most energy and is thus a convenient
source to ensure enough energy supply during gestation and lactation. To investigate the
effects of different fatty acids, our model species, pregnant domestic guinea pigs (cavia f.
porcellus), were supplemented either with coconut fat (high in saturated fatty acids — SFA) or
with walnut oil (high in unsaturated fatty acids — UFA). Due to the fact that only two pregnant
UFA females were available for this study, they were excluded from statistical analyses. Effects
of the diet groups were determined by monitoring body mass, fecal estradiol metabolites, fecal
progesterone metabolites, saliva cortisol concentrations, social behavior, performance in
openfield tests, reproductive output and juvenile development.

Reproductive output, referring to litter size or sex ratio, did not differ between the SFA group
and controls. During gestation and lactation, SFA females had a higher body mass than the
control group. In addition, SFA females showed more spatial cohesion with other females
during gestation, had lower cortisol concentrations during lactation and lower
progesterone/estradiol ratio during pregnancy than the control group. Regarding juvenile
development, SFA pups gained significantly more body mass until weaning than the control
group. Furthermore, SFA females did not only lactate their own offspring, but also pups of
other mothers. This kind of nursing, allolactation, could not be observed in the control group.
We assume that saturated fatty acids positively affected body fat accumulation, resulting in
higher energy reserves in SFA females compared to controls, favouring offsping growth and

compensating the potential costs of allolaction.

Keywords: saturated fatty acids, unsaturated fatty acids, gestation, lactation, allolactation,

guinea pigs, cortisol, progesterone, estradiol
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Zusammenfassung

Saugetiere benotigen vor allem wahrend der Trachtigkeit und Laktation viel Energie. Daher
spielt die Erndhrung in diesen Phasen eine groRe Rolle, um eine entsprechende Entwicklung des
Fotus und des Neugeborenen sicher zu stellen. Fett stellt besonders viel Energie zur Verfligung
und ist daher eine geeignete Quelle um eine angemessene Energieversorgung wahrend der
Trachtigkeit und Laktation zu gewahrleisten. Um die Effekte von verschiedenen Fettsdauren zu
erforschen, wurde die Nahrung trachtiger bzw. laktierender Meerschweinchen (cavia f.
porcellus) und deren Nachkommen entweder mit Kokosnussol (reich an gesattigten Fettsauren
— SFA) oder mit Walnussol (reich an ungesattigten Fettsauren — UFA) angereichert. Die Effekte
dieser Fettsauren wurden durch Vergleiche von Koérpergewicht, Fortpflanzungserfolg und
Jungtierentwicklung zwischen den Diatgruppen und Kontrolltieren, die nur Standardpellets
ohne Fettanreicherung erhielten, ermittelt. Ebenso wurde Sozialverhalten in der Gruppe
aufgenommen, sowie Estradiol- und Progesteronmetaboliten, aus Kotproben sowie,
Kortisolkonzentrationen aus Speichelproben analysiert und verglichen. In Openfield Tests
konnten Einflisse der Didaten auf potentielle Stressreaktionen durch soziale Isolation bestimmt
werden. Da nur zwei Weibchen aus der UFA- Gruppe trachtig wurden, musste die Studie auf
Vergleiche zwischen SFA- und Kontrolltieren beschrankt werden.

In Bezug auf Fortpflanzungserfolg, wie zum Beispiel der WurfgroRe oder dem
Geschlechterverhiltnis, konnten keine Unterschiede zwischen SFA- und Kontrollweibchen
gefunden werden. Wahrend der Trachtigkeit und der Laktation hatten die SFA Weibchen ein
hoheres Korpergewicht als die Kontrollgruppe. Des Weiteren suchten die SFA Weibchen
wahrend der Schwangerschaft in der Gruppenhaltung mehr kérperliche Nahe zu den anderen
Weibchen, hatten niederere Kortisolspiegel wahrend der Laktation und wahrend der
Trachtigkeit ein geringeres Progesteron/Ostrogen-Verhiltnis als die Kontrollgruppe. Die
Jungtierentwicklung unterschied sich ebenfalls indem die SFA Junge signifikant mehr
Kérpergewicht bis zur Entwdéhnung zulegten als die Kontrollgruppe. AuRerdem saugten die SFA
Mdtter nicht nur ihre eigenen Jungen, sondern auch die von anderen Mittern. Diese Form des
Laktierens, die Allolaktation, konnte in der Kontrollgruppe nicht festgestellt werden. Eine
mogliche Erklarung wére, dass die SFA Mitter aufgrund des hoheren Fettkonsums und der
dadurch vorhandenen Reserven, energetisch mehr Spielraum hatten und die potentiellen
Kosten von Allolaktation durch ihre Didt kompensieren konnten. Der Nachwuchs profitierte von

der SFA-Diat durch gesteigerter Gewichtszunahme bis zur Entwdhnung. Zusammenfassend

-34-



zeigten die Ergebnisse dieser Studie positive Einflisse gesattigter Fettsdauren auf die
Energiebilanz, Sozialverhalten, Ostrogensekretion, Stresskompensation und Milchproduktion

bei trachtigen und laktierenden Meerschweinchen.

Schlisselworter: gesattigte Fettsduren, ungesattigte Fettsduren, Trachtigkeit, Laktation,

Allolaktation, Meerschweinchen, Kortisol, Progesteron, Estradiol
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